We calculate the transmission and absorption of electromagnetic waves propagating in twodimensional (2D) and 3D periodic metallic photonic band-gap (PBG) structures. For 2D systems, there is substantial difference between the s-and p-polarized waves. The p-polarized waves exhibit behavior similar to the dielectric PBG s. But, the s-polarized waves have a cutoff frequency below which there are no propagating modes. For 3D systems, the results are qualitatively the same for both polarizations but there are important differences related to the topology of the structure. For 3D structures with isolated metallic scatterers (cermet topology), the behavior is similar to that of the dielectric PBG s, while for 3D structures with the metal forming a continuous network (network topology), there is a cutoff frequency below which there are no propagating modes. The systems with the network topology may have some interesting applications for frequencies less than about 1 THz where the absorption can be neglected.
I. INTRODUCTION
Recently, there has been growing interest in the development of easily fabricated photonic band-gap (PBG) materials these are periodic dielectric materials exhibiting frequency regions where electromagnetic (em) waves cannot propagate. The reason for the interest on PBG materials arises from the possible applications of those materials in several scientific and technical areas such as filters, optical switches, cavities, design of more eKcient lasers, etc. ' Most of the research eIIort has been concentrated in the development of two-dimensional (2D) and 3D PBG materials consisting of positive and frequency-independent dielectrics' ' because, in that case, one neglect the possible problems related to the absorption.
However, there is some more recent work on PBG materials constructed from metals ' which suggests that those metallic structures may be advantageous in lowfrequency regions where the metals become almost perfect reflectors. In this paper, we study 2D and 3D metallic PBG structures; in order to find the possible advantages of metallic PBG materials, we compare their results with the corresponding results for PBG materials constructed with positive and frequency-independent dielectric constants. Also, by changing the scale of the structures, we find the frequency regions where metallic PBG materials can be practically used. We use the transfer-matrix method (TMM), recently introduced by Pendry and MacKinnon, ' to calculate the em transmission through the PBG materials. In the TMM, the total volume of the system is divided into small cells and the fields in each cell are coupled to those in the neighboring cells. Then the transfer matrix can be defined by relating the incident fields on one side of the PBG structure with the outgoing fields on the other side. Using the TMM, the band structure of an infinite periodic system can be calculated, but the main advantage of this method is the calculation of the transmission and reQection coeKcients for em waves of various frequencies incident on a finite-thickness slab of the PBG material.
In that case, the material is assumed to be periodic in the directions parallel to the interfaces. The TMM has previously been applied in studies of defects in 2D PBG structures, ' of-PBG materials in which the dielectric constants are complex and frequency dependent, of 3D layer-by-layer PBG materials, ' and of 2D metallic PBG structures.
In all these examples, the agreement between theoretical predictions and experimental measurements was very good.
We use the following frequency-dependent dielectric constant for the metal: e(v) =1-v(v Fig. 1 Fig. 2(a) Keeping the filling ratio constant, the transmission T decreases almost exponentially with thickness for all the frequencies inside the gaps but the transmission at the cutoff frequency remains almost the same. creases; in particular, the absorption at va/c =0.2 is 0.31, 0.13, and 0.04 for a =0. 127, 1.27, and 12.7 pm, respectively. For a constant value of va/c, the ratio of the skin depth to the lattice constant a is inversely proportional to the square root of a (this is correct for frequencies less than 100 THz). This means that, by increasing the lattice constant, the part of the wave which penetrates into the metal (this part is responsible for the absorption) becomes smaller. So the absorption must become smaller as the lattice constant increases and eventually it will be negligible in the microwave and millimeter wave regions. Also, due to the fact that the penetration of the wave into the metal becomes smaller on increasing the lattice constant, the dimension d of the waveguide propagating in a system similar to the one described in Fig. 1 Fig. 4) . Second, by changing the radius rd of one of the cylinders; the ratio rd /r (where r is the radius in the periodic case) gives the amount of discrepancy from the periodicity. For rd/r =0 (this corresponds to a case where one of the cylinders is removed; dashed lines in Fig. 4) there is a peak in the transmission due to the defect at v=87 THz. The quality factor is defined as Q =vd/(v+ -v ); vz is the frequency where the peak appears and v+ and v are the frequencies above and below vd where the transmission in 3 dB smaller than that at vd. For rd/r=0, by increasing the lattice con- for sc and diamond, respectively).
Using a similar waveguide model as in the sc case and assuming that the size of the waveguide is given by the distance between the point ( -, ', -, ', -, ') a and the z =0 plane (which is 3a/4), we find that the predicted cutoff frequency is 0.67, which is very close to the cutoff frequency of 0.60 calculated from the TMM.
In general, 3D metallic PBG structures with network topology exhibit a cutoff frequency for both polarizations below which there are no propagating modes. This feature puts them in the same category with the spolarized waves propagating in 2D metallic PBG structures. But the features of 3D metallic PBG structures with isolated metallic scatterers are similar to the features of the dielectric PBG structures as well as to the features of p-polarized waves in 2D metallic PBG structures (for all the cases in this category there is no cutoff frequency).
We also studied the effect of the introduction of defects in a periodic lattice. We use a sc lattice consisting of metallic tetragonal rods connecting nearest neighbors (net- work topology) with f =0.03 and a =1.27 pm, and the surrounding medium is air. A supercell has been used with width 2a along the x and y axes and periodic boundary conditions are imposed at the edges of the supercell; the system is finite along the z axis with thickness I. =3a.
A defect is introduced by removing part of the metalwhich is included in a sphere of radius rd centered at one of the crossing points of the rods in the second layer. FICx. 8. Transmission and absorption for em waves propagating in a 3D sc lattice consisting of metallic tetragonal rods connecting nearest neighbors with f =0. 03, L =3a, and 8=0 . A supercell of width 2a has been used with periodic boundary conditions at the edges of the supercell. The part of the metal which is included in a sphere with the center at one of the crossing points of the rods at the second layer and radius rd has been removed.
Solid, dotted, and dashed lines correspond to td /a =0, 0.15, and 0.5, respectively. is also small ( -37.2 dB) . Apart from the frequency region around the defect, the transmissions of the defect and the periodic structures are almost the same [compare the dotted and solid lines in Fig. 8(a) ]. For rd/a =0.5 (dashed line in Fig. 8 ), there is a peak in the transmission at higher frequency (60 THz) which is even wider and with higher transmission at the top of the peak. So one can adjust the frequency of the defect inside the gap by just changing the volume of the removed metal; the higher the amount of the removed metal, the higher is the frequency where the defect peak appears. Studies in dielectric PBG materials' have shown that a defect band emerges from the lower edge of the gap and approaches the upper edge of the gap as the volume of the removed dielectric material is increased. The behavior of the defect band is similar in the present case, despite the fact that the lower edge of the gap is actually at zero frequency. The absorption for rd /a =0.15 is almost the same as the absorption in the periodic case except for a small maximum at the frequency where the defect peak appears (hardly noticed on comparing dotted and solid lines in Fig. 8) . However, the differences in the absorption be- PBG material with a defect structure similar to the one described in Fig. 9 ; this metallic structure would have lattice constant a = 127 pm (see solid lines in Fig. 9 Fig. 9 ) which could be completely neglected in the dielectric case. By decreasing y in Eq. (1) (or, equivalently, by increasing the conductivity of the metal, cr), the absorption becomes smaller.
This means that the problem due to the absorption can be avoided by using a superconductor instead of a metal.
